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1
METHOD OF IMPROVING COGNITION AND
INCREASING DENDRITIC COMPLEXITY IN
HUMANS WITH DOWN SYNDROME AND
COMPOSITIONS THEREFOR

The instant application, filed on 12 Feb. 2014, claims the
benefit of U.S. Provisional Patent Application 61/850,309,
filed on 13 Feb. 2013.

SEQUENCE LISTING

The instant application contains a Sequence Listing which
has been submitted electronically in ASCII format and is
hereby incorporated by reference in its entirety. Said ASCII
copy, created on Mar. 18, 2014, is named 40702US_SL.txt
and is 1,798 bytes in size.

BACKGROUND OF THE INVENTION

Worldwide, there are more than 5.8 million individuals
with Down syndrome (DS). It is a complex multi-system
disorder causing significant physical and psychological
abnormalities throughout the lifespan of affected individuals.
Nervous system dysfunction is the major cause of disability in
individuals with DS. Co-morbidity between cognitive dys-
function and psychiatric conditions particularly, attention
deficit hyperactivity disorder, further complicates the clinical
symptomatology presented by DS. Later in adulthood, all
individuals with DS develop brain pathology indistinguish-
able from that of Alzheimer’s disecase (AD). As a result,
drastic improvement in the life expectancy of people with
DS3 has been associated with a significant increase in the rate
of dementia of AD type in these individuals. For this reason,
there is an emerging need for developing effective therapeutic
strategies for cognitive disabilities in children before the
occurrence of AD pathology in their adulthood. By both
increasing cognitive function in children with Down syn-
drome, and inhibiting or lessening adult onset AD brain
pathology as these children reach adulthood, humans with
Down syndrome will be capable of living longer, more pro-
ductive lives.

SUMMARY OF THE INVENTION

The present invention provides a method of improving
cognitive function and increasing dendritic complexity in
humans exhibiting Down syndrome.

The present invention also provides pharmaceutical com-
positions for improving cognition and increasing dendritic
complexity in humans exhibiting Down syndrome.

The present invention further provides a method for inhib-
iting onset of adult AD brain pathology in children with Down
syndrome.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1G: FIG. 1A shows the total volume of hippoc-
ampus and its sub-regions were quantified in neuronal nuclei
(NeuN)-stained brain sections from young adult (6 months)
naive mice; FIG. 1B) morphometric analysis showed no sig-
nificant alterations in the hippocampus volume in Ts65Dn
mice; FIGS. 1C-1D) show significant atrophy of the DGC
layer and the molecular layer (ML) of the DG were detected
in Ts65Dn mice compared to 2N controls; FIGS. 1E-1F)
shows that atrophy of DGC and ML in Ts65Dn mice could be
linked to alterations in the extent of the dendritic tree with a
significant shortening of these dendrites in Ts65Dn mice; and
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FIG. 1G) shows that the most severe dendritic shortening in
Ts65Dn mice occurred in the order 3.

FIGS. 2A-2B show significant reduction in cAMP levels in
micro-punches through the DG in adult Ts65Dn mice as
detected by enzyme-linked immunoabsorbent assay
(ELISA), suggesting failed AR signaling in the hippocampus
in untreated Ts65Dn mice.

FIGS. 3A-3C show that a majority of f2ARs were co-
localized with a major synaptic vesicle Protein, the synapto-
physin, FIGS. 3D-3G) show that frequency distribution of the
area covered by f2ARs staining within the DGC layer; and
FIG. 3H) shows a significant shift to higher values in adult
Ts65Dn mice compared with 2N mice.

FIG. 4A shows that in countering the peripheral effects of
formoterol, nadolol, a AR antagonist that does not cross the
BBB, was used, and analysis of variance showed no signifi-
cant effect of either genotype of treatment on oxygen satura-
tion; and FIGS. 4B-4C) show that significant failure in con-
textual learning in young adult Ts65Dn mice was observed.

FIGS. 5A-5B show bar graphs of mean velocity and total
distance traveled in the open field arena, respectively, for
Ts65Dn mice. Treatment with formoterol led to a significant
reduction in both velocity and total distance traveled in
Ts65Dn mice, suggesting an improvement in their memory
and attention; and FIGS. 5C-5D) show data plots of velocity
and distance traveled versus minutes for both Ts65Dn mice
and 2N mice.

FIG. 6A shows postmortem analysis of hippocampal
samples indicated significant deficit in synaptic density in the
DG in adult Ts65Dn mice compared with 2N mice. Treatment
with formoterol led to a significant improvement in Ts65Dn
mice, restoring synaptic density in DG in these mice; and
FIGS. 6B-6C) show that treatment of Ts65Dn mice with
formoterol restored the number of c-Fos-positive neurons to
normal levels in the Ts65Dn mice.

FIG. 7A shows immunocytological visualization of GFAP-
positive profiles from the DGC area with a significant
increase of astrocytes being observed in Ts65Dn mice treated
with formoterol. No significant effects of formoterol were
found in the 2N group.

FIGS. 7B-7D depict frequency distribution of distances of
GFAP-positive profiles from the DGC area. X-axes: distances
from the DGC layer (um); Y-axes: % total. Mice: 2N (FIG.
7B); Ts65Dn (FIG. 7C); 2N/Ts65Dn (FIG. 7D).

FIGS. 8A-8C show BrdU-positive profiles (arrows) in the
DG of a 2N mouse; FIG. 8D) shows that formoterol treatment
caused a significant increase in the number of BrdU-positive
profiles in Ts65Dn mice; FIG. 8E) shows the DCX-positive
neurons in the DG of a 2N mouse; FIG. 8F) shows the number
of DCX-positive DGCs in 2N and Ts65Dn mice; FIG. 8G)
shows the order of branching in Ts65Dn and 2N mice; and
FIG. 8H) shows the increase in the dendritic span in Ts65Dn
mice treated with formoterol.

FIG. 9 illustrates a schematic representation of genes trip-
licated in DS and in the Ts65Dn mouse that play a role in
nervous system abnormalities.

FIG. 10A shows that no significant effects of formoterol
were found on heart rate; and FIG. 10B) shows that no sig-
nificant effects of formoterol were found on the respiratory
rate.

FIG. 11A illustrates that bouts are defined as the number of
crossings from the peripheral area 50% area to the central
50% area and vice versa (open field arena); and FIGS. 11B-
11C) illustrate a significant increase in the number of bouts
from the central 50% area to the peripheral 50% area and vice
versa in Ts65Dn mice. Formoterol treatment led to a signifi-
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cant reduction in the number of bouts in both central and
peripheral 50% areas in Ts65Dn mice.

FIGS. 12A-12D. Immunocytochemical visualization of
c-Fos-positive neurons in the DGC layer in Ts65Dn and 2N
mice, treated with either nadolol alone or nadolol and formot-
erol. A drastic decrease in the number of c-Fos-positive DGCs
was found in nadolol-treated Ts65Dn mice (FIG. 12B) com-
pared with 2N controls (FIG. 12A). Furthermore, formoterol
administration led to a significant increase in the number of
c-Fos-positive cells in Ts65Dn mice (FIG. 12D). Scale
bar=100 pm.

FIGS. 13A-13B shows immunocytological visualization
of GFAP-positive astrocytes in the DG of a 2N (FIG. 13A)
(leftside) and a Ts65Dn mouse (FIG. 13B)(right side). A
drastic increase in the density of GFAP-positive profiles was
found in the ML and the PML regions of the DG in Ts65Dn
mice.

FIG. 14 shows the distance between an arbitrary line drawn
in the middle of the DGC layer and the position of GFAP-
positive profiles (arrows depict the distance between the DGC
layer and individual astrocytes.

FIG. 15 illustrates a significant increase in gene expression
for Fgf2 in micro-punches through the DG of Ts65Dn mice.

FIG. 16 illustrates the strategy used for performing IP
injections of PAR agonist and antagonist and behavioral test-
ing.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The present invention is based, in part, upon the discovery
that B2 adrenergic agonists are advantageously used to
improve cognition in humans exhibiting Down syndrome.

The present invention is also based, in part, upon the dis-
covery that 32 adrenergic agonists are advantageously used to
increase dendritic complexity in humans exhibiting Down
syndrome.

The present invention is also further based, in part, upon the
discovery that 32 adrenergic agonists are particularly advan-
tageously used to improve cognition and increase dendritic
complexity in humans with prior or co-administration of one
or more 1 adrenergic antagonists.

The present invention is, moreover, based, in part, upon the
discovery that onset of adult AD brain pathology in humans
having Down syndrome can be inhibited by administering
one or more 32 adrenergic receptors to a child having Down
syndrome.

Term Definitions

Asused herein, the term $2 agonistis used to mean [2-adr-
energic receptor agonist or §2 AR agonist. Moreover, the term
[2 agonist is understood to include compounds that are pri-
marily 2 agonists, but which may also be peripheral agonists
for other adrenergic receptors as well, such as 1 adrenergic
receptors.

[2 agonists that may be used in accordance with the present
invention may be short-acting, long-acting or ultra long-act-
ing. Examples of short-acting 2 agonists may be used are
salbutamol, levosalbutamol, terbuline, pirbuterol, procaterol,
metaproterenol, bitolterol mesylate, oritodrine, isoprenaline,
salmefamol, fenoterol, terbutaline, albuterol, isoetharine,
Examples of long-acting 2 agonists that may be used are
salmeterol, bambuterol, formoterol and clenbuterol.
Examples of ultra long-acting 2 agonists include inda-
caterol.
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As used herein, the term 1 antagonist means 1 adrener-
gic receptor antagonist or simply [1-blocker. Examples of
selective f§1-blockers are nadolol, acebutolol, atenol, betax-
olol, bisoprolol, celiprolol, esmolol, metaprolol and nebiv-
olol.

The term “pharmaceutically-accepted salts” means acid
addition salts that are commonly used in human or veterinary
medicine and are deemed safe for use. Examples for the
present invention include, but are not limited to, salts obtained
from the following acids: acetic, ascorbic, benzenesulfonic,
benzoic, camphosulfonic, citric, ethanesulfonic, edisylic,
fumaric, gentisic, gluconic, glucoronic, glutamic, hippuric,
hydrobromic, isethionic, lactic, nitric, phosphoric, succinic,
sulfuric and tartaric; for example.

DS means Down syndrome.

AD means Alzheimer’s Disease.

AD brain pathology refers to the accumulation of highly
degradation-resistant amyloid fibers that cause lesions in
areas of the brain proximate thereto. Accumulation of these
amyloid fibers to neurotoxic levels leads to destruction of
nerve fibers, which, in turn, leads to the observed behavior
associated with Alzheimer’s dementia. Observed behavioral
symptoms, which become progressively more severe with
progression of the disease, often include loss of vocabulary,
incorrect word substitutions (paraphasias), loss of reading
and writing skill, increased risk of falling, wandering, loss of
speech, apathy and even loss of muscle mass.

Child, as used herein, means a human from about 5 to 20
years of age.

Adult, as used herein, means a human from about 21 years
of'age and older.

Test, as used herein, refers to a contextual learning test, and
as applied to humans means specifically a spatial contextual
leaning test or the ACTB, described below.

Increased dendritic complexity means an increased arbor
complexity or an increased number of dendritic branch points
at fixed intervals from neuronal cell bodies, such as in the
dentate gyrus. The count of number of dendritic branch points
at fixed intervals from neuronal cell bodies and any increase
is known as a Sholl analysis.

Improving cognition means an improved score on a con-
textual learning test or the ACTB test as described hereinbe-
low.

The term “therapeutically effective amount” means an
amount of a compound or composition as described herein-
below effective or sufficient to improve cognition, increase
dendritic complexity or inhibit onset of adult AD pathology.
The term “frequency” as related thereto means the number of
times a treatment is administered to a DS human in order to
obtain the result of improved cognition, increased dendritic
complexity or inhibition of adult AD pathology.

Generally, in accordance the present invention, one or
more of the above selective 1-blockers are administered
prior to or concurrently with one or more 2 agonists in order
to inhibit or preclude agonism of 1 adrenergic receptors by
the one or more 32 agomists. Although some §2 agonists are
highly selective for 2 adrenergic receptors, such as formot-
erol, it is preferred to block 1 adrenergic receptors in accor-
dance with the methods of the present invention in order to
preclude, or at least minimize, any adverse peripheral cardiac
effects on humans being treated. However, 2 agonists may
be used by themselves without prior or concurrent adminis-
tration of p1-blockers while still remaining within the scope
of the present invention.

Creation of several transgenic mouse models has greatly
facilitated progress it the understanding the neurobiological
basis of cognitive dysfunction in DS. Among the mouse mod-
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els, the Ts65Dn mouse is best characterized. It has an extra
copy of approximately 140 mouse genes on chromosome 16,
orthologous to those on human chromosome 21 (HSA21).
Almost all genes in HSA21 with potential role in nervous
system abnormalities are also found in Ts65Dn mice (FIG. 9).
Similar to DS, alterations in the structure and function of the
hippocampus and failure in the induction of long-term poten-
tiation (LTP) have been extensively reported in Ts65Dn mice.
Ts65Dn mice are widely used in DS research, and are con-
sidered to be an art-accepted model for investigations regard-
ing DS in humans. Olson, L. E., et al, Dev. Dyn. 2004 July;
230(3):581-9.

DS is characterized by degeneration and dysfunction of
multiple neuronal populations in the central nervous system
(CNS). Among them, the hippocampal formation, i.e. the
primary site for processing contextual learning shows signifi-
cant abnormalities in DS. As a result, failure in contextual
learning is a common finding in people with DS. To uncover
the neurobiological basis of failed contextual learning in DS,
we have carefully examined the integrity of subcortical
regions extensively projecting to the hippocampal formation.
Through extensive innervation, these subcortical regions
impose strong modulatory influence on hippocampal neu-
rons. Among these subcortical regions, L.C is of particular
importance. L.C neurons in the brainstem are the sole supplier
of massive norepinephrine (NE)-ergic terminals for the hip-
pocampus and play a significant role in wakefulness, atten-
tion, and navigational memory. In our previous study, we
found significant age-related degeneration of NE-ergic neu-
rons of LC in Ts65Dn mice. Interestingly, the loss of LC
terminals in Ts65Dn mice leads to further deterioration of
cognitive dysfunction in these mice. Similarly, L.C neurons
undergo extensive age-dependent degeneration in DS. The
critical role of NE-ergic system dysfunction in cognitive dys-
function in Ts65Dn has been supported by the fact that either
increasing brain NE levels with L-threo-3,4-dihdroxyphe-
nylserine (L-DOPS), i.e. a NE prodrug, or improving [ adr-
energic signaling using xamoterol, restored contextual learn-
ing in Ts65Dn mice. Although I.-DOPS is in phase 111 clinical
trial for the treatment of primary autonomic failure associated
with Parkinson’s disease, it is yet to be approved by the FDA
and its long-term effects particularly in children have yetto be
explored.

To identify an alternative and to expedite the process of
drug development in DS, we tested the effects of adrenergic
agonists on cognitive function that have already been
approved for use in humans. NE binds to a family of G
protein-coupled receptors including . (1 and 2) and f§ (1, 2,
and 3) adrenergic receptors (AR). Through increasing cyclic
adenosine monophosphate (cAMP) and activation of protein
kinase A (PKA), p-adrenergic receptor (BAR) signaling plays
a major role in memory retrieval and consolidation. The prin-
ciple neuronal population of the dentate gyrus (DG), i.e.
dentate granular cells (DGC), plays a major role in contextual
learning predominantly express f2ARs. Accordingly, it has
also been shown that while f2AR agonists can improve long-
term memory and learning, blocking these receptors impairs
memory consolidation in chicks. Moreover, the inhibition of
LTP by amyloid §§ in the DG of rodent models of AD, has been
found to be rescued by p2ARs agonists and not those acting
on f1ARs.

Another reason in favor of the use of f2AR agonists in DS
is their peripheral effects. In the periphery, a majority of
p1ARs are found in the cardiovascular system. Since cardiac
abnormalities are considered the most common cause of
death in people with DS, one would need to avoid the long-
term use of drugs targeting cardiovascular system in DS.
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Considering the effectiveness and safety of the various types
of AR agonists, targeting f2ARs might be superior to those
acting on f1ARs for improving contextual learning in DS.

For almost half a century, f2ARs have been attractive
targets for pharmacological interventions in respiratory dis-
orders. Accordingly, numerous long-acting f§ adrenergic
drugs have been developed and widely prescribed in humans.
Formoterol (Foradil™) is a long-acting f2AR agonist that
shows 300 times more selectively for p2ARs than f1ARs.
This drug is currently prescribed for relieving respiratory
symptoms associated with asthma, exercise-induced bron-
chospasms, and chronic obstructive pulmonary disease. The
lipophilic nature of formoterol allows it to be easily deposited
into the cell membrane facilitating its long-term action on
adrenergic receptors. The drug has been shown to cross the
blood brain barrier (BBB) and reach the brain in rats and dogs.
For instance, it has been shown that intraperitoneal (IP) injec-
tions of formoterol in rodents led to a significant increase in
expression of interleukins particularly 1L-10 in the hippoc-
ampus.

As we describe herein, for example, the use of formoterol
in adult Ts65Dn mice was safe and led to a significant
improvement in contextual learning and restoration of syn-
aptic density in the DG Ts65Dn mice. Furthermore, fomot-
erol treatment was linked to a significant increase in the rate
of cell proliferation and dendritic complexity of newly born
neurons in the DG. This result clearly evidences that the use
of f2ARs as described hereinbelow are effective in improv-
ing cognition in humans with DS.

Inorderto further illustrate the present invention, reference
will now be made to certain examples which are provided
solely for purposes of illustration and are not intended to be
limitative.

Examples

The total volume of hippocampus and its sub-regions were
quantified in neuronal nuclei (NeuN)-stained brain sections
from young adult (6 months) naive mice (FIG. 1A). Although
morphometric analyses showed no significant alterations in
the hippocampal volume in Ts65Dn mice (FIG. 1B), a sig-
nificant atrophy of the DGC layer (P=0.032) and the molecu-
lar layer (ML) of the DG (P=0.0267) were detected in
Ts65Dn mice compared to 2N controls (FIGS. 1C-1D). ML
primarily consists of DGC dendrites. To test whether atrophy
of DGC and ML in Ts65Dn mice could be linked to alter-
ations in the extent of the dendritic tree, we studied the DGCs’
dendrites in adult Ts65Dn mice and their age-matched con-
trols and found a significant shortening of these dendrites in
Ts65Dn mice (P=0.016, FIGS. 1E-1F).

Interestingly, the analysis of the relationship between den-
dritic lengths and the order of arborization showed that the
most severe shortening of dendrites in Ts65Dn mice occurred
in the order 3 (FIG. 1G).

The hippocampal region receives extensive innervation
from LC neurons>*. As we have reported before, LC neurons
undergo significant age-dependent degeneration in the
Ts65Dn mouse leading to reduced levels of available NE in
the hippocampus'?. Binding NE to ARs leads to the formation
of'the secondary messenger cAMP, a critical mediator of cell
signaling. We asked whether reduced NE levels in the hip-
pocampus in naive Ts65 Dn could be linked to alterations in
cAMP levels in these mice. Using enzyme linked immunosor-
bent assay (ELISA), we found significant (P=0.002) reduc-
tion in cAMP levels in micro-punches through the DG in
adult Ts65Dn mice, suggesting failed AR signing in the hip-
pocampus to untreated Ts65Dn mice (FIGS. 2A-2B).
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To study the status of f2ARs within the hippocampus, we
stained brain sections of adult Ts65Dn mice (5-6 months) and
their 2N controls with a polyclonal antibody against f2ARs.
Unlike $1ARs that were predominantly found in the poly-
morphic layer of the DG'2, B2ARs were detected abundantly
on the cell membrane of DGCs (FIGS. 3A-3C). Furthermore,
a majority of p2ARs were co-localized with a major synaptic
vesicle protein, i.e. synaptophysin, in DGCs. Frequency dis-
tribution of the area covered by f2ARs staining within the
DGC layer (FIGS. 3D-3G) showed a significant (P<0.001,
X2=91.343) shift to the higher values in adult Ts65Dn (FIG.
3H) compared with 2N mice. Furthermore, the analysis of
P2ARs in hippocampal synaptosomes showed a trend toward
increased levels of f2ARs in the synaptosomes in Ts65Dn
mice  (2N=102.144x13.85;  Ts65Dn=115.680+13.59,
P=0.206), suggesting that P2AR remains intact in Ts65Dn
mice in spite of significant LC degeneration.

The lack of significant decrease in f2ARs in Ts65Dn mice
encouraged us to test the effects of a P2AR agonist, i.e.
formoterol on cognitive function in these mice. Since f2ARs
are mainly found on the smooth muscle cells in the respiratory
system, we started by investigating the effects of formoterol
on the respiratory as well as cardiovascular systems.

To counter the peripheral effects of formoterol, we used
nadolol, i.e. a BAR antagonist that does not cross the BBB.
Analysis of variance (ANOVA) showed no significant effects
of either genotype or treatment on oxygen saturation (FIG.
4A, genotype: P=0.120, F=2.595; treatment: P=0.259,
F=1.335) or the heart rate (FIG. 10A, genotype: P=0.104,
F=2.852; treatment: P=0.369, F=0.839). However, we found
a significantly higher respiratory rate in Ts65Dn compared
with 2N controls (FIG. 10B, genotype: P=0.002, F=11.82;
treatment: P=0.770, F=0.09). Accordingly, Fisher’s post-hoc
analysis showed significantly higher respiratory rate (11%) in
Ts65Dn compared with 2N mice (P=0.028).

No peripheral eftects of formoterol treatment in Ts65Dn
and 2N mice encouraged us to proceed with testing the effects
of formoterol treatment on cognition in Ts65Dn mice. Similar
to our previous study, we found significant failure in contex-
tual learning in young adult (6 months) TS65Dn mice (FIGS.
4B-4C). Interestingly, treating Ts65Dn mice with formoterol
led to a significant improvement in their contextual learning
(P<0.0001, FIG. 4B). Quantifying the rate of freezing within
the first five minutes of exposure to the context in which they
were initially shocked, Ts65Dn mice treated with formoterol
showed a significant increase in freezing behavior compared
with the Ts65Dn mice treated with only nadolol (P<0.0001,
FIG. 4C).

Open field activity has been shown to be a reliable tool for
assessing cognitive function in Ts65Dn mice. Ts65Dn mice
showed significantly higher velocity and total distance trav-
elled as compared to 2N in the open field arena (FIGS.
5A-5D). Interestingly, treatment with formoterol led to a
significant reduction in both velocity (P=0.0014, FIG. 5A)
and total distance travelled (P=0.001, FIG. 5B) in Ts65Dn
mice, suggesting an improvement in their memory and atten-
tion.

To further analyze alterations in the pattern of activity, the
location of each mouse in the open field arena was automati-
cally determined. The total number of entries (bouts) from
peripheral 50% area of the arena to the central 50% area and
vice versa was quantified. We found significantly higher num-
ber of bouts in Ts65Dn mice as compared to their 2N controls
(P=0.002 for central area; P=0.007 for peripheral area). Inter-
estingly, the use of formoterol led to a significant reduction in
the number of bouts in Ts65Dn mice (P=0.011 for central
area; P=0.017 for peripheral area) (FIGS. 11A-11C).
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To test whether improving p2AR signaling by formoterol
would alter hippocampal synaptic strength; we studied
presynaptic vesicles in this region. Using an antibody against
synaptophysin, we found a significant reduction in the syn-
aptic density in the DG of the hippocampus in Ts65Dn com-
pared with 2N mice (P=0.008). Interestingly, treatment with
formoterol led to a significant increase in synaptophysin
immunoreactivity in the DG of Ts65Dn mice (P=0.035, FIG.
6A).

To test whether increased P2AR signaling would also
improve neuronal activity in DGCs, we studied the expres-
sion of c-Fos in these cells. Using an antibody against c-Fos,
the numerical density of c-Fos positive-cells in the DGC layer
was studied (FIGS. 12A-12D). While we found a significant
reduction in the number of ¢-Fos-positive profiles in Ts65Dn
mice compared with 2N mice (P=0.0072), treatment with
formoterol restored the number of c-Fos positive cells in
Ts65Dn mice to that of controls (2N) (P=0.00014, FIGS.
6B-6C).

In addition to neurons, astrocytes express both f1AR and
P2ARs. Indeed, PAR signaling promotes cAMP production
in astrocytes. We questioned whether improving p2AR sig-
naling would also influence the status of astrocytes in the
hippocampus. Using an antibody against glial fibrillary acidic
protein (GFAP), sections throughout the septo-temporal
extent of the hippocampus were stained. A large number of
astrocytes were labeled throughout the DG. Indeed, most
DGCs in the hippocampus were surrounded by numerous
astrocytes (FIG. 7A). Interestingly, while we found a signifi-
cant increase in the density of GFAP-positive profiles in the
DG of Ts65Dn mice (P=0.045; FIGS. 5A-5D), no effects of
formoterol treatment were detected on either the density of
GFAP-positive cell bodies or their processes. Studying the
position of GFAP-positive profiles in relationship to the ML,
we found that formoterol treatment was associated with a
significant increase in the distance between the GFAP-immu-
noreactive profiles and the DGC layer in Ts65Dn mice
(P=0.032, FIGS. 7B-7D, 14).

It has been shown that NE can increase the rate of neuro-
genesis in the hippocampus of rodents. Interestingly, Mat-
suda and colleagues recently reported that, P2ARs and not
P1ARs mediate this effect. We studied whether improving 32
signaling with formoterol could also alter the rate of cell
proliferation and neurogenesis in Ts65Dn mice. To achieve
this, we used 5-bromo-2-deoxyuridine (BrdU), i.e. a syn-
thetic nucleotide that can be incorporated into the newly
synthesized DNA of replicating cells. Both 2N and TS65Dn
mice were treated with either nadolol alone or a combination
of' nadolol and formoterol, followed by BrdU treatment. We
found a significant number of BrdU-positive profiles in the
sub-granular region of the DG in both Ts65Dn and 2N mice
(FIG. 8A). Stereological counting of the total number of
BrdU-positive profiles revealed 37% reduction in the DGC
layer Ts65Dn mice compared to 2N mice (FIG. 8A). Inter-
estingly, the treatment with formoterol led to around 1.5-folds
increase in Ts65Dn mice (P=0.031, FIG. 8B) and 0.6 folds
increase in 2N mice (P=0.191), in the number of BrdU-posi-
tive profiles. ANOVA showed significant effects of treatment
(P=0.018, F=6.749) and no effects of genotype (P=0.762,
F=0.094) on the number of BrdU-positive profiles in the mice
treated with BrdU.

To test whether formoterol treatment would indeed influ-
ence neungenesis, we investigated the effects of formoterol
on doublecortin (DCX)-positive DGCs and the extent of their
dendrites. We found that a significant number of DGCs and
their dendrites were labeled (FIG. 8E). Although we found a
significant reduction in the number of DCX-positive neurons
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in Ts65Dn mice, formoterol treatment had no significant
effects on the total number of DCX-positive neurons (FIG.
8F). However, we found that formoterol treatment was asso-
ciated with a significant increase in the complexity of den-
dritic tree in DCX-positive neurons in Ts65Dn mice
(P=0.000075, FIG. 8G). Interestingly, formoterol treatment
also led to a significant decrease in the order of dendritic
arborization in 2N mice. (P=0.018, FIG. 8H).

In order to identify mechanisms by which f2AR signaling
promotes cell proliferation, we studied the expression levels
of'genes believed to induce neurogenesis in the hippocampus.
FGF2 has been shown to play a key role in proliferation and
differentiation of adult neuronal progenitors. Our real-time
PCR experiments showed around 70% reduction in Fgf2
mRNA levels in micro-punches through the DG of Ts65Dn
mice compared to 2N counterparts (FIG. 15; P=0.015,
F=6.099). Although formoterol treatment led to increased
gene expression for Fgf2 in both Ts65Dn (20%) and 2N
(80%) mice, the increase was only significant in 2N mice
(P=0.044,1=2.084).

DS is characterized by significant degeneration of NE-
ergic neurons of LC. These changes have been recapitulated
in the Ts65Dn mouse model of DS. LC neurons in the brain-
stem, project extensively to hippocampal and cortical
regions. It has been shown that, in rodents, individual LC
neurons can project to both hemispheres or both hippocampal
and cerebellar regions within the same hemisphere. Extensive
innervation of the hippocampus enables L.C neurons to exert
a strong modulatory influence on incoming sensory and navi-
gational information to this region. For this reason, it is not
surprising that degeneration of LC neurons in DS would lead
to significant structural and behavioral abnormalities in the
hippocampus of affected individuals.

Although the molecular mechanisms behind the loss of LC
neurons in DS have yet to be fully elucidated, studying the
role of individual triplicated genes in DS might shed some
light on this issue (FIG. 9). Among more than 100 triplicated
genes in DS, App overexpression has been found to play a
major role in LC degeneration in both DS and the Ts65Dn
mouse model. Our previous studies have unequivocally
linked App overexpression to failed axonal transport in cho-
linergic neurons in Ts65Dn mice. It is tempting to suggest
that, through a similar mechanism; failed axonal transport in
LC neurons plays a role in their selective vulnerability in DS.
We are currently testing this hypothesis.

LC neurons are significantly affected by neurofibrillary
degeneration in both DS and AD. Indeed, a recent study by
Braak and colleagues found that healthy individuals develop
signs of neurofibrillary degeneration in L.C neurons as early
as 6 years of age. Interestingly, LC degeneration seems to
precede the degeneration of other brain regions commonly
involved in DS and AD. Our previous investigations revealed
significant degeneration of both cholinergic neurons of basal
forebrain and NE-ergic neurons of L.C in Ts65Dn mice. Since
both nueronal populations provide extensive innervation to
the hippocampus, we suggested that degeneration of these
neurons would lead to “de-afferentation” of the hippocampal
region in Ts65Dn mice.

In the present study, we found significant atrophy of the
ML and DGC areas of the DG in adult Ts65Dn mice (FIGS.
1A-1G). Major constituents of the DGC area and the ML are
DGC’s cell body and their dendrites respectively. We found a
significant atrophy of DGCs and shortening of their dendrites
in Ts65Dn mice (FIG. 1B). Interestingly, the most severe
shortening occurred in the 4% order of branching in DGC
dendrites, i.e. an area corresponding to a region of ML, with
the highest density of f2ARs in rodents.
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Significant age-depended degeneration of LC neurons,
reduced density of NE-ergic terminals, diminished NE levels
in the hippocampus, and failed contextual learning in Ts65Dn
mice all support failure of NE-ergic system in Ts65Dn mice.
In the present study, we also found evidence on failed adren-
ergic receptors signaling in Ts65Dn mice as suggested by
diminished cAMP levels in the hippocampus (FIGS. 2A-2B).
Interestingly, increasing brain NE levels using L-DOPS,i.c. a
prodrug for NE, could successfully restore cognitive function
in Ts65Dn mice in spite of significant LC degeneration. Since
L-DOPS is yet to be approved for use in the US, the use of
alternative drugs already approved, particularly in children,
would be an attractive strategy.

The use of formoterol enabled us to test the effects of
improving f2AR signaling on cognitive function in mice with
significant degeneration of LC neurons. Although formoterol
binds to all three human pARs, it shows 300-fold more affin-
ity for p2ARs than f1ARs. This suggests that observed
effects of formoterol in this study were predominantly medi-
ated via f2ARs. Upregulation of f2ARs in the DG in Ts65Dn
mice (FIGS. 3A-3H) suggests that, in spite of significant L.C
degeneration in these mice, AR signaling is still intact.

Formoterol has been shown to reach the brain within 30
minutes of oral administration in rodents. Sasaki and col-
leagues found that, 3 hours after oral administration of for-
moterol in rats, the drug concentration in the brain was around
30% of that of plasma. Interestingly, the drugs levels in the
brain were more stable as compared to that of plasma or lungs.
IP injections of formoterol in rodents also led to a significant
increase in gene expression for interleukin (IL)-1f and IL.-1
receptor-11 in cortical and hippocampal samples. Importantly,
by using p blockers with and without the ability to cross the
BBB, the authors showed that the induction of IL. gene
expression after formoterol treatment was indeed central.

As we report here, we found that formoterol treatment led
to a significant improvement in contextual learning (FIGS.
4B-4C) and reduced the severity of hyperactivity (FIGS.
5A-5D) in Ts65Dn mice. In the clinic, formoterol is primarily
used for short-term treatment of asthma in humans and leads
to significant improvement in respiratory functions. For this
reason, we questioned whether the positive cognitive effects
of formoterol in Ts65Dn mice were due to its beneficial
peripheral effects on the respiratory system. As shown in FI1G.
5A, we found no significant effects of formoterol on oxygen
saturation in either 2N or Ts65Dn mice (FIG. 4A). This
suggests that the observed improvements in cognitive func-
tions in Ts65Dn mice were not due to increased supply of
oxygen to the brain.

Our present data indicate that in addition to Ts65Dn mice,
treatment with fomoterol led to improvement in contextual
learning in 2N mice (FIGS. 4B-4C). The positive effects of
adrenergic drugs in 2N mice have been shown before. As we
reported before, xamoterol, i.e. a primarily p 1AR agonist, can
significantly improve contextual learning in Ts65Dn mice.

However, later studies showed that this drug did not
improve spatial learning and/or reduce hyperactivity in
Ts65Dn mice. The fact that unlike xamoterol, formoterol was
able to reduce hyperactivity in Ts65Dn mice (FIGS. 5A-5D)
suggests that various aspects of cognition are modulated by
different types of pARs. Since formoterol was able to both
improve contextual learning and reduce hyperactivity in
Ts65Dn mice, it would suggest that f2AR agonists with the
ability to cross the BBB would be attractive therapeutic
agents in DS.

Postmortem analysis of the hippocampal samples showed
significant deficit in synaptic density in the DG in adult
Ts65Dn mice (5-6 months) compared with 2N mice (FIG.
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6A). Interestingly, treatment with formoterol led to a signifi-
cant improvement in Ts65Dn mice restoring synaptic density
in DG in these mice. This is in accordance with the observed
positive effects of NE and BAR agonists on the induction of
LTP in the DG in rodents.

c-Fos is an immediate early gene that codes for a 55-kDa
nuclear transcription factor, leading to a significant increase
in gene expression. It has been shown that treatment with §
adrenergic drugs leads to significant increase in c-Fos expres-
sion in rodents. To test whether increased f2AR signaling led
to elevated c-Fos levels in the DG, we studied the levels of
c-Fos in DGCs in formoterol-treated animals. While we
found a significant reduction in the number of c-Fos-positive
profiles in the DGC layer in Ts65Dn mice compared with 2N
mice, treatment with formoterol restored the number of
c-Fos-positive neurons to normal levels in the Ts65Dn mice
(FIGS. 6B-6C). This suggests that formoterol treatment can
lead to a significant increase in neuronal activity and gene
expression in DGCs in Ts65Dn mice.

Failure in adult neurogenesis has been suggested to play a
significant role in cognitive dysfunction in DS. Contestabile
and colleagues found a significant reduction in cell prolifera-
tion in the DG of the dorsal hippocampus in DS fetuses and
Ts65Dn mice. Furthermore, both environmental enrichment
and a serotonin re-uptake inhibitor i.e. fluoxetine, have shown
to promote neurogenesis in Ts65Dn mice. Using BrdU stain-
ing, we found 40% reduction in the cell proliferation in the
DG in TS65Dn mice compared with 2N mice. Interestingly,
we found that treatment with formoterol led to a significant
improvement in cell proliferation in both groups, particularly
in Ts65Dn mice (FIGS. 8 A-8D). To investigate the fate of the
newly born cells in the DG, we used DCX, a microtubule
associated protein, as a marker for cells destined to become
neurons. While we found a very significant decrease in the
number of DCX-positive cells with dendrites in Ts65Dn
mice, no effects of formoterol were detected on the total
number of DC-positive cells in either genotype. Interestingly,
formoterol treatment led to a significant increase in the com-
plexity of dendrites of DCX-positive cells in Ts65Dn mice as
shown by the order of dendritic branching (FIGS. 8E-8H).
Surprisingly, we also found that formoterol treatment led to a
significant reduction in the dendritic complexity in 2N mice
(FIGS. 8E-8H). This could suggest that although formoterol
treatment can lead to significant improvement in contextual
learning in both Ts65Dn and 2N mice, it would induce desir-
able structural alterations only in the context of abnormal
circuits found in Ts65Dn mice.

Ts65Dn mice show a significant increase in the number of
astrocytes in DG. P AR activation seems to improve the ability
of astrocytes to increase K* clearance during neuronal activ-
ity. To test whether formoterol could also alter astrocytes, we
studied GFAP-positive profiles in the DG. In accordance to
previous studies, we found a significant increase in the num-
ber of GFAP-positive profiles in the DG of Ts65Dn mice
compared with 2N controls. However, we did not detect any
effects of formoterol on the number of astrocytes (FIGS.
13A-13B) in either 2N or Ts65Dn mice. Interestingly, we
found that formoterol treatment led to a significant increase in
the distance between GFAP-positive profiles in the ML and
DGC layer in both 2N and Ts65Dn mice (FIG. 14).

The mechanism by which f2AR signaling might improve
neurogenesis in the DG in Ts65Dn mice remains to be fully
elucidated. It has been suggested that NE can increase neu-
rogenesis by increasing Fgf?2 release. Fgf2 is a trophic factor,
primarily synthesized by astrocytes that can enhance the pro-
liferative activity and the migratory properties of astrocytes
and neuronal precursor cells. Indeed, it has been shown that

5

10

20

25

30

35

40

45

50

55

60

65

12

IP injections of clenbuterol, a 2AR agonist in rats leads to a
significant increase in Fgf2 mRNA levels in the hippocam-
pus. Indeed, we found a significant reduction in Fgf2 gene
expression in the DG in Ts65Dn mice. Interestingly, formot-
erol treatment caused a 20% and 80% increase in mRNA
levels of this gene in the Ts65Dn and 2N mice respectively
(FIG. 15).

The fact that we found significantly higher number of
astrocytes in DG of Ts65Dn mice without a corresponding
increase in Fgf2 gene expression suggests that the decrease in
Fgf2 gene expression in these mice may be much more severe
than those observed in 2N mice. Our data are supported by a
recent study showing that increasing Fgf2 levels in the brain
of mouse models of AD can significantly improve cognitive
function and increase the rate of neurogenesis in the DG of the
hippocampus.

Taken together, our data suggests that, through improving
neurogenesis, increasing dendritic complexity, and thus syn-
aptic strength, B2AR agonists can significantly improve con-
textual learning in the Ts65Dn mouse model of DS. This
supports the idea that improving 2 signaling might be an
attractive strategy in treating cognitive disabilities in people
with DS. It has recently been shown that increasing brain NE
levels can also reduce the severity of amyloid pathology in
mouse models of AD. Since all adults with DS will eventually
develop AD-related pathology, these findings suggest that
NE-based therapy can potentially improve cognitive function
in children and reduce the severity of amyloid pathology in
adults with DS. The fact that formoterol has already been used
for many years in humans, should further encourage explo-
ration of this possibility and potentially expedite the use of
this or others $2AR agonists to improve cognitive function in
children and adults with DS.

Methods

Mice. Adult (5-6 month) male Ts65Dn mice
(B6EiC3Sn.BLiA-Ts (17<16>)65Dn/Dnl, stock number:
005252) and gentler- and age-matched 2N controls
(B6EiC3Sn.BLiaF1/]; stock number: 003647) were used
(Jackson Laboratory). All experiments were approved by the
Committee on Animal Research at the Veterans Affairs Palo
Alto Health Care System. All animals were group-housed on
a 12-hour light/dark cycle and fed ad libitum.

Pharmacological Treatments. To reduce the peripheral
effects of formoterol, each formoterol injection (Tocris) was
preceded by nadolol (Tocris) treatment. For details on meth-
ods of drug injections see FIG. 16.

Cardiovascular and respiratory system monitoring. Periph-
eral effects of fomoterol were assessed using MOUSEOX®
Small Animal Vital Signs Monitor (Starr). The monitor was
attached to a collar clip with an LED sensor to enable record-
ings in free-moving mice. To minimize stress before record-
ing, the collar clip was attached to each animal. After five
minutes, heart rate, respiratory rate, and oxygen saturation
were recorded using MOUSEOX® 6.3.13 for 10 minutes.

Behavioral Testing

a) Open Field Activity. Prior to testing, the mice were
handled for five days for habituation. Thereafter, the mice
were injected with nadolol and, after one hour, with either
saline or formoterol. Four hours later, the mice were tested for
open field activity. The open field arena (450 mmx450 mm)
had visual cues on the walls. Each mouse was placed in the
center of the arena and is movements were recorded for
fifteen minutes using a CCD-camera (DM-CO-S20SIE). The
arena was cleaned after each session. The velocity, total dis-
tance traveled, and the time spent in the peripheral 50%
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versus central 50% area of the arena (bouts) for each mouse
were quantified and analyzed using TopScan Lite (Clever
Sys).

b) Fear Conditioning. Since no abnormalities have been
found in cued learning in Ts65Dn mice, we only tested con-
textual learning for this study. The fear conditioning tests
were done using four FreezeScan chambers (Clever Sys) on
days 4 and 5 after the start of the open field-testing. On day 4
(Training Day), all mice were injected with nadolol and then,
after one hour, with either saline or formoterol. Four hours
later, the mice were placed in the fear-conditioning chamber
and their baseline activity was recorded for three minutes. At
the end of this period, each mouse was exposed to five shocks
(2 seconds each, 0.5 mA) with inter-trial intervals of 80 sec-
onds. Twenty-four hours later, the mice were injected again,
similar to the Training Day, and returned to the same fear-
conditioning chamber for five minutes and their activity was
recorded. Freezing was defined as a lack of movement for 3
frames (29 frames/s).

Postmortem Analysis. Postmortem analyses were done in
two groups of naive and treated mice:

1) Naive Mice. Adult 2N and Ts65Dn mice were sacrificed
using IP injection of sodium pentobarbital (200 mg/kg),
trans-cardially perfused with saline, and brain was extracted.
The left hemisphere was frozen for gene expression studies,
ELISA, and Western blotting. The right hemisphere was fixed
in paraformaldehyde overnight at 4° C. followed by dehydra-
tion in 30% sucrose and freezing on dry ice. This was fol-
lowed by embedding each brain in OCT (Sakura) and storing
in -80° C.

a) Synaptosome Preparation.

Hippocampi (n=12 mice per genotype, experiments
repeated twice) were collected, pooled (3 hippocampi per
sample), and homogenized in homgenization buffer (HB;
0.32 M sucrose, 10 mM Tris, 1x Sigma phosphatase inhibitor
cocktail 2 and 3, 1x Roche Complete protease inhibitor tab-
let). The homogenate was centrifuged and the supernatant
was run on successive sucrose gradients, to isolate the
enriched synaptosomal fraction (ESF). ESFs were resus-
pended in lysis buffer (1% Trion, 1% NP40, 0.1% SDS, 0.5%
Sodium-deoxycholate, 1x Roche Complete protease inhibi-
tor cocktail, 1x Sigma phosphatase inhibitor cocktail 2 and 3,
2 mM PMSF in DPBS), and lysed, centrifuged, and the super-
natant was collected and loaded onto 4-12% Bis-Tris gels
(Invitrogen), separated by electrophoresis and tansferred to
polyvinylidene fluoride membranes. Membranes incubated
with a f2AR antibody in TBST overnight, washed and incu-
bated with goat HRP-conjugated antibody (Millipore) in
TBST. Immunoreactivity was detected using Immuno-Star
Western Chemiluminescence Kit (BioRad), and band density
was measured using FI1JI (NIH).

b) Rapid Golgi Staining. A different group ofadult Ts65Dn
(5-6 months old) and 2N mice were sacrificed as described
above, and their brains were immediately extracted and
placed in Rapid Golgi Solution (15 ml per brain, Cornell
Center for Technology Enterprise) at RT. Ten days layer, the
brains were washed, dehydrated and cut (150 um) using a
vibratome (Leica CM 1950). All sections were mounted and
coated with 50% sucrose. After drying for 72 hours at RT, the
sections were rinsed in water and incubated for 10 minutes in
the Golgi intensification solution supplied with the kit. The
sections were dehydrated and cover-slipped.

¢) ELISA Studies. An ELISA kit (Enzo, ADI-900-067) was
used for cAMP quantification. The DG region of the hippoc-
ampus was punched out using a glass tube under a dissection
microscope (Evolution xR6) at —30° C. and stored. The
samples were ground to a fine powder under liquid nitrogen
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and the resulting samples were mixed with 10 volumes 0f 0.1
M Hcl followed by centrifugation according to the manufac-
turer’s instructions. The total protein levels were quantified
using a micro BCA protein assay kit (23235, Thermo) and
spectrophotometer (Fisher) with absorbance at 562 nm.

2) Treated Mice At the end of behavioral analyses, the mice
were injected IP with either nadolol alone or nadolol with
formoterol for another 10 days. At the end of this period, all
mice were anesthetized, perfused, and the brain was
extracted. The right hemisphere from each brain was fixed in
4% paraformaldehyde followed by dehydration. The meth-
odology for staining has been published before. The frozen
hemispheres were cut coronally at 70 um using a cryostat
(Leica CM 1950), placed in cryoprotectant solution (25%
ethylene glycol, 25% glycerol and 0.05M sodium phosphate
buffer), and stored at —20° C. The left hemisphere was flash
frozen and used for gene expression studies.

a) Immuno-Staining:

Before all staining(s), to inhibit endogenous peroxidase,
70-pum-thick floating sections were pre-incubated in 0.5%
H,0, in 50% methanol for 30 minutes at RT. This was fol-
lowed by pre-incubating the sections in 0.1% triton and 10%
normal serums(s) (NS, Vector Labs) for 1 hour at RT. This was
followed by incubation in primary antibodies overnight at RT.
We used antibodies against synaptophysin (SVP-38, Sigma,
S5768), f2AR (SC596, Santa Cruz),